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An exclusive systematic study of the giant dipole resonance (GDR) parameters has been performed 
in very light mass nucleus 31P in the temperature range of ∼ 0.8–2.1 MeV and average angular 
momentum of ∼ 11–16 h¯. The high-energy γ rays from the decay of the GDR, evaporated neutrons 
and γ -ray multiplicities have been measured. The angular distribution of high-energy γ rays has also 
been measured at Ebeam = 42 MeV. The GDR parameters, nuclear level density parameter and nuclear 
temperature were precisely determined by simultaneous statistical model analysis of high-energy γ ray 
and evaporated neutron spectra. It is observed that the measured width remains roughly constant up to 
a temperature of ∼ 1.6 MeV. Moreover, the thermal pairing plays no role in describing the GDR width 
in this open-shell light nucleus at the above-mentioned temperatures and angular momenta. The present 
measurements provide an excellent platform to extend the applicability of the existing theoretical models 
down to the very light mass nuclei.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.The isovector giant dipole resonance (IVGDR or commonly 
known as GDR) is a member of a broad family of collective res-
onances in nuclei called giant resonances [1,2]. Macroscopically, it 
is conceived as the out-of-phase oscillation of proton and neutron 
fluids, while microscopically, it is described as the coherent excita-
tion of 1 particle–1 hole (1p–1h) configurations across one major 
shell. The short lifetime of this resonance makes it an excellent 
probe to study the nuclear properties at extreme conditions, e.g. 
nuclear shapes and deformations at high temperature and angu-
lar momentum [3–10], fission time scale [11–13], isospin mixing 
[14–20], the ratio of nuclear shear viscosity to entropy volume 
density [21,22] etc.
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SCOAP3.After the first observation of the GDR built on the nuclear ex-
cited states in heavy-ion fusion reactions nearly four decades ago 
[23], a great wealth of data has been accumulated over the years 
regarding the properties of the GDR parameters [1,24–27]. It is 
observed that the GDR energy remains roughly constant at the 
ground-state value with increasing nuclear temperature (T ) and 
angular momentum ( J ), while the width increases with both T
and J . It is worth mentioning, in this context, that in a heavy-
ion fusion reaction, the compound nucleus (CN) is populated at 
high J along with the intrinsic excitation. It is, therefore, very dif-
ficult to disentangle the effects of T and J on the GDR width. 
Researchers have also used inelastic scattering to study the GDR 
[28–30]. In this case, the CN is populated at low angular momen-
tum but with a broad range of excitation energy. Another excellent 
technique to study the exclusive temperature dependence of the 
GDR is using the light-ion induced fusion reaction, in which the 
CN is populated at a definite initial excitation energy and a small 
distribution of J as compared to that obtained in the heavy-ion  under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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smaller than the critical angular momentum J c = 0.6A5/6 [31], 
above which the effect of J on the GDR width is observed. This 
technique has recently been utilized in a series of experiments 
[32–34] to exclusively probe the variation of the GDR width with 
temperature. The main disadvantage of this technique is the pres-
ence of non-statistical bremsstrahlung radiation, which has to be 
properly accounted for.
Various models have been proposed to explain the observed 
increase in the GDR width with T and J . The thermal shape fluc-
tuation model (TSFM), which was widely used to describe the 
experimental measurements, states that, at a given T and J , the 
GDR line shape is the superposition of the line shapes of an en-
semble of nuclei having different deformations [35–39]. This model 
predicts the J dependence quite well. However, it deviates from 
the measured data at low as well as high temperatures. At low 
temperatures, it is observed that the GDR width remains at the 
ground-state value up to T ∼ 1 MeV and increases thereafter [33,
34], whereas at high temperatures (T > 2.5 MeV) the width satu-
ration of the GDR is still under debate [40–44]. In this context, it 
should be highlighted that, by including the thermal pairing in the 
TSFM calculations, the GDR width has recently been fairly well de-
scribed at T < 1.5 MeV in open-shell nuclei [45]. Interestingly, the 
microscopic phonon damping model (PDM) [46,47], which states 
that the GDR width arises owing to the coupling of the GDR state 
to the non-collective ph states (quantal width) as well as pp and 
hh states (thermal width), describes the measured width quite well 
at both low and high T , where it predicts a saturation of the GDR 
width. Recently, a phenomenological model, called critical temper-
ature included fluctuation model (CTFM), has been proposed [33]. 
According to this model, the GDR width remains constant up to a 
critical temperature and increases thereafter. This model also re-
produces the GDR width at low as well as high T and J quite well 
[33,34,48,49].
The conclusions drawn so far are mainly based on the exper-
imental studies in medium and heavy mass nuclei in which the 
GDR strength is well concentrated. However, very few experiments 
exist below the mass A ∼ 100 [7,34,44,49–54] and, especially be-
low A ∼ 50 [55], where the GDR is characterized by its own promi-
nent features, e.g. configurational splitting [56], isospin splitting 
[57,58], etc. In this mass region there are some studies related 
to isospin mixing at high temperatures [14–20] and Jacobi shape 
transitions [59–64]. However, an exclusive and systematic study of 
the variation of the GDR parameters with T and J is still absent.
In this Letter, we present the first exclusive study of the GDR 
width in A ∼ 30 mass region, utilizing the light-ion beam (α). 
The GDR and nuclear level density (NLD) parameters have been 
determined properly by simultaneous statistical model analysis 
of the measured high-energy γ ray and neutron spectra. The 
angular momentum of the CN has been determined by mea-
suring the low-energy γ -ray multiplicities. The angular distribu-
tion of high-energy γ rays has been performed to determine the 
bremsstrahlung component. The present study provides an excel-
lent testing ground for the existing theoretical models in their 
application down to very light-mass nuclei.
The experiments were performed at the Variable Energy Cy-
clotron Centre (VECC), Kolkata. A self-supporting 27Al target was 
bombarded with a pulsed 4He beam of energies Ebeam = 28, 35, 
42 MeV from K-130 cyclotron. The initial excitation energies of the 
CN 31P were 34.1, 40.2, and 46.2 MeV, respectively. It should again 
be emphasized that, due to the availability of 4He beam, 31P could 
be populated below the critical angular momentum Jcr = 19 h¯ [65]
for the Jacobi shape transition, already observed in the same nu-
cleus [64]. In addition, the CN was populated just above the critical 
angular momentum Jc = 10.5 h¯ [31]. Therefore the effect of Jon the GDR width is expected to show up. The high-energy γ
rays from the decay of the GDR were measured by a part of the 
LAMBDA spectrometer (49 BaF2 scintillators, each having dimen-
sions of 3.5 × 3.5 × 35 cm3) [66] placed at a distance of 50 cm 
from the target position at θ = 90◦ with respect to the beam di-
rection. The γ -ray multiplicities were measured, in coincidence 
with the high-energy γ rays, with a 50-element multiplicity filter 
(BaF2 scintillators, each having dimensions of 3.5 × 3.5 × 5 cm3) 
[67]. It was divided into two parts of 25 elements each and they 
were placed on the top and bottom of the target chamber in 5 × 5
matrix at a distance of ∼ 5 cm from the target in a staggered-
castle type geometry. The multiplicity filter was also employed as 
a start trigger for the time of flight (TOF) measurement, which 
was used to reject the neutron background. As the energy of the 
GDR is relatively large for light nuclei, the yield of γ rays is small 
in the GDR region. Therefore, special cares were taken to sup-
press the background events, especially the cosmic backgrounds. 
The cyclotron rf time spectrum was recorded with respect to the 
multiplicity filter to minimize the random coincidences. The spec-
trometer was surrounded by a 10 cm thick passive lead shield to 
block the γ -ray backgrounds. The cosmic muons were rejected by 
using their hit-pattern in the highly granular LAMBDA array [66]. 
In addition, the data were recorded only when at least one detec-
tor of the LAMBDA array above a threshold of ∼ 4 MeV fired in 
coincidence with both the top and bottom multiplicity filters. This 
technique significantly reduces the background events. The angular 
distribution of high-energy γ rays was measured at θ = 55◦ , 90◦ , 
125◦ for Ebeam = 42 MeV. In the off-line analysis different angular-
momentum-gated high-energy γ spectra were reconstructed by 
the cluster summing technique [66]. The pile-up events were re-
jected by using the pulse shape discrimination (PSD) method per-
formed by collecting the charge over two time gates of 50 ns (short 
gate) and 2 μs (long gate). The evaporated neutron energy spectra 
were measured, in coincidence with the γ -ray multiplicities, by 
using a liquid-scintillator-based neutron TOF detector [68] (5′′ di-
ameter, 5′′ length), which was placed at a distance of 150 cm from 
the target position and at an angle of 150◦ with respect to the 
beam direction. The PSD technique comprising of the TOF and zero 
cross-over time (ZCT) was utilized for the n − γ discrimination. 
The measured TOF spectra were converted to angular-momentum-
gated neutron energy spectra by taking the prompt γ peak as a 
time reference. The spectra were then converted from the labora-
tory frame to the center of mass (CM) frame. The typical energy 
resolution of the present set-up is of ∼ 17% at 1 MeV. The de-
tailed energy-dependent neutron detection efficiency can be found 
in Ref. [68].
The angular momentum of the CN was determined from the 
measured fold distribution (number of multiplicity detector fired 
in each event) by using the geant simulations. A detailed simu-
lation was necessary to account for the data recording condition 
(top–bottom coincidence), which selects a slightly higher angular 
momentum space. A triangular distribution of γ -ray multiplicities 
was thrown with an adjustable peak and a width, which were 
determined by comparing the measured and simulated fold dis-
tributions. These are shown in Fig. 1 along with the incident and 
different fold-gated angular momentum distributions. The details 
of this technique are described in Ref. [67]. The simulated angular 
momentum distributions were then incorporated in the statistical 
model code cascade [69]. As the isospin splitting is crucial for 
GDR in light nuclei, the statistical model analysis was performed 
by using a version of the cascade code, which was modified to 
incorporate the GDR as well as the isospin and parity quantum 
numbers [14,15]. The partial decay widths were calculated by us-
D. Mondal et al. / Physics Letters B 784 (2018) 423–428 425Fig. 1. (a) Experimental (green symbols) and simulated (red line) fold distributions 
for 31P populated at initial excitation energy of 46.2 MeV. (b) Incident and different 
fold-gated angular momentum distributions. (For interpretation of the colors in the 
figure(s), the reader is referred to the web version of this article.)
Fig. 2. Variation of a1(Eγ ) with the γ ray energy. The green solid circles are ex-
perimentally determined, while the red solid line is theoretically calculated for 
E0 = 5.3 MeV.
ing the reciprocity relation assuming a Lorentzian photoabsorption 
cross section in the inverse channel given by
σabs(Eγ ) = 4πe
2h¯
mpc
N Z
A
SG
GE2γ
(E2γ − E2G)2 + 2GE2γ
, (1)
where N and Z are the neutron and proton numbers and mp is 
the proton mass. SG, EG, and G are the GDR fraction of total en-
ergy weighted dipole sum rule, the energy and the width, respec-
tively. The variation of EG along the decay cascade was properly 
taken care of. The GDR parameters were extracted by comparing 
the measured high-energy γ rays with the statistical model cal-
culations along with a bremsstrahlung component parametrized as 
σ = σ0 exp(−Eγ /E0) and folded with the response function of the 
LAMBDA array. At Ebeam = 42 MeV the slope parameter E0 was 
determined from the measured angular distribution of the high-
energy γ rays, which is slightly forward peaked in the CM frame 
because of the non-statistical bremsstrahlung component. In the 
CM frame the γ ray angular distribution was assumed to have the 
form W (Eγ , θ) = W0(Eγ )[1 + a1(Eγ )P1(cos θ) + a2(Eγ )P2(cos θ)]. 
In the nucleon–nucleon frame of reference the bremsstrahlung was 
assumed to be isotropic and the slope parameter E0 was deter-
mined by comparing the measured and calculated a1(Eγ ) (Fig. 2). 
The extracted slope parameters were roughly consistent with the 
systematics E0 = 1.1[(Ebeam − V c)/Ap]0.72, with V c and Ap being 
the Coulomb barrier and projectile mass, respectively [70]. At other 
beam energies, E0 was guided by this prescription and the vi-
sual inspection of measured γ rays above Eγ ∼ 25 MeV. It should 
be emphasized here that the main ingredient of statistical model 
calculations is the NLD, which was properly determined in the Fig. 3. Different fold-gated high-energy γ ray spectra (left panel) and the evap-
orated neutron energy spectra (right panel) for 31P. The green solid symbols are 
experimentally measured spectra, while the red solid lines are the corresponding 
results of the statistical model calculations.
present study. In the cascade code, the level density was taken 
based on Fermi gas model given as
ρ(E∗, J ) = 2 J + 1
12	′3/2
√
a
exp(2
√
aU )
U2
, (2)
where 	′ = 	(1 + δ1 J2 + δ2 J4) is the deformable liquid drop 
moment of inertia; 	 = 2Ir/h¯2, Ir = 2/5MR2 is the rigid body 
moment of inertia and δ1, δ2 are the deformability coefficients. 
The quantity U = E∗ −  − Erot is the intrinsic excitation en-
ergy with  and Erot = J ( J + 1)/	′ being the pairing and ro-
tational energies, respectively. The parameter a is the NLD pa-
rameter, which is proportional to the single particle density of 
states at the Fermi surface. According to the prescription by Ig-
natyuk and Reisdorf [71,72], the NLD parameter is given as a =
a˜(A)[1 + SU {1 − exp(−γ U )}]. Following Ref. [55], in which, the 
authors performed a detailed study of NLD in light-mass nuclei, 
the asymptotic NLD parameter was taken as a˜(A) = 0.04543r30 A +
0.1246r20 A
2
3 + 0.1523r0A 13 . The numerical co-efficients for the sur-
face and curvature terms are slightly different from those given 
by Reisdorf [72]. The shell damping factor γ is 0.054 MeV−1
[73] and the ground-state shell correction S is −2.23 MeV. As 
a˜ depends on both temperature and angular momentum [73,74], 
it was determined by varying the r0 parameter to match the 
measured neutron spectra. It should be emphasized that a given 
fold-gated high-energy γ and neutron spectra were analyzed si-
multaneously so that the GDR and the NLD parameters could be 
determined in a consistent way. The best-fit parameters were ex-
tracted by using the χ2 minimization technique. The measured 
γ and neutron spectra along with the best-fit statistical model 
calculations are shown in Fig. 3. In order to emphasize the GDR 
region, the linearized spectra are shown in Fig. 4 by using the 
quantity σ expabs (Eγ ) = σabs(Eγ )Y exp(Eγ )/Y cal(Eγ ), where Y exp(Eγ )
and Y cal(Eγ ) are the experimental and the best-fit cascade spec-
tra, whereas σabs(Eγ ) is the Lorentzian absorption cross section 
given by Eq. (1). The best-fit parameters are shown in Table 1. 
The temperature was calculated from the relation T =√U ′/a(U ′), 
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Experimental GDR, asymptotic NLD and bremsstrahlung slope parameters at the specified angular momenta and temperatures.
Ebeam
MeV
< J >
h¯
T
MeV
a˜
MeV−1
EG
MeV
G
MeV
SG E0
MeV
28 12.2± 4.2 0.8± 0.4 4.7± 0.2 18.7± 0.3 7.4± 0.7 1.00± 0.09 4.3
35 11.0± 3.6 1.8± 0.2 4.2± 0.2 17.1± 0.3 8.2± 0.7 0.90± 0.08 4.8
13.4± 4.3 1.6± 0.3 4.2± 0.2 16.8± 0.3 7.7± 0.7 0.97± 0.09 4.8
42 11.8± 3.7 2.1± 0.2 4.3± 0.2 17.5± 0.2 9.3± 0.4 1.00± 0.05 5.3
13.5± 4.1 2.0± 0.2 4.0± 0.2 17.0± 0.3 8.9± 0.7 1.00± 0.07 5.0
15.9± 5.2 1.7± 0.3 4.0± 0.2 17.8± 0.3 8.5± 0.6 1.00± 0.08 5.3Fig. 4. Different fold-gated linearized γ ray spectra for 31P. The green solid symbols 
are experimentally measured σ expabs (Eγ ) (see the text), while the red solid lines are 
the corresponding Lorentzians having the GDR parameters as shown in Table 1.
where U ′ = E∗ − Erot − EG − . We remark here that, 31P being a 
light nucleus, the GDR decay is predominantly from the CN and the 
averaging over the decay cascade reduces the temperature at the 
highest initial excitation energy by only 2%, which is well within 
the experimental errors estimated considering the uncertainties in 
NLD parameter, J , and EG.
It is interesting to note that the GDR built on the excited states 
of 31P fully exhausts the dipole strength, i.e. the GDR remains 
very much collective in this light nucleus. Moreover, the energy of 
the GDR, except at the lowest temperature, remains roughly con-
stant at around 17.5 MeV. The slightly higher value of EG at the 
lowest temperature is due to a bit higher value of the NLD pa-
rameter required for fitting the neutron evaporation spectrum. We 
remark here that, the measured GDR energies are lower than the 
ground-state value of 19.3 MeV obtained by fitting the measured 
photoabsorption cross section with a single Lorentzian [75]. The 
GDR width, on the other hand, remains roughly constant at around 
7.5 MeV up to T ∼ 1.6 MeV and gradually increases with T there-
after.
In Fig. 5 the measured GDR widths are compared with the 
results of calculations within different models and plotted as a 
function of T . As the measured angular momentum varies from 
11.0–15.9 h¯, the calculations have been performed for J = 11.5
and 15.5 h¯. Moreover, the results of calculations within the CTFM 
and PDM have also been shown for J = 0 h¯ to visualize the Fig. 5. Comparison of the measured GDR width with predictions by different models 
as a function of T at J = 11.5 h¯ (black dot-dashed line) and J = 15.5 h¯ (blue solid 
line) (measured range of angular momentum). The red long-dashed lines in panels
(c) and (d) are the predictions at J = 0 h¯.
explicit T dependence. Within the TSFM (Fig. 5a), the GDR ap-
parent line shape at a given T and J was calculated as the 
weighted average of the various line shapes corresponding to dif-
ferent nuclear deformations; the weight being the Boltzmann fac-
tor exp(−F (β, γ ′, J )/T ), where β , γ ′ are the deformation param-
eters. The free energy F was calculated considering only the de-
formed liquid drop energy as 31P is an open-shell nucleus and the 
effect of the shell correction is expected to be negligible above 
T ∼ 1.5 MeV [76]. It is obvious from Fig. 5a that the results of 
TSFM calculations overpredict the measured widths. As can also 
be seen from Fig. 5b, the phenomenological thermal shape fluctu-
ation model (pTSFM) [31] fails to reproduce the measured widths 
even after assuming the ground-state width of ∼ 3.8 MeV, which 
was taken for both 120Sn and 208Pb to describe the widths in these 
mass regions in Ref. [31]. Interestingly, the TSFM and pTSFM could 
describe the measured width above T ∼ 1.5 MeV in medium and 
heavy mass nuclei. However, in the light mass region, these two 
models are not able to describe the measured widths even up to 
T ∼ 2.1 MeV.
In Fig. 5c the CTFM calculations are presented. Within this 
model, the GDR width remains constant at the ground-state value 
up to a critical temperature Tc = 0.7 + 37.5/A due to the GDR in-
duced fluctuation and increases thereafter. In these calculations the 
ground-state GDR width (gs) for 31P was taken as 7.5 MeV, which 
is a bit higher than the value of 6.3 MeV obtained by fitting the 
measured photoabsorption cross section with a single Lorentzian 
[75]. However, the viscous hydrodynamic model of Auerbach et al. 
[77] yields gs = 7.5 MeV and the measured data well below the 
critical temperature are also around this value. Hence gs was 
taken as 7.5 MeV. Interestingly, the CTFM reproduces the trend of 
measured GDR widths quite well with Tc of ∼ 1.9 MeV predicted 
by the systematics. It is also interesting to note that the effect of 
D. Mondal et al. / Physics Letters B 784 (2018) 423–428 427Fig. 6. (a) Proton and (b) neutron pairing gaps as functions of temperature at differ-
ent angular momenta calculated within BCS and BCS1 (see text).
J increases the GDR width from the ground-state value before the 
critical temperature.
The measured GDR widths are compared with the results of the 
microscopic PDM calculations performed as a function of T and J
without the inclusion of thermal pairing (Fig. 5d). Regarding the 
latter, the calculations within the BCS theory as well as the BCS1 
one, which includes the quasiparticle number fluctuation, at finite 
T and J [78] were carried out. The parameters GZ for proton and 
GN for neutron pairing interactions were chosen so that the val-
ues of the corresponding pairing gaps (Z and N) at T = 0 are 
2.3 MeV and 1.85 MeV, respectively, based on the odd–even mass 
differences. The results of calculations show that increasing T and 
J breaks the pairs so that no pairing gaps remain at T > 0.25 MeV
and J > 11.5 h¯ (Fig. 6). This allows us to carry out the PDM cal-
culations without thermal pairing. The single-particle energies for 
protons and neutrons were calculated within the deformed Wood–
Saxon potentials with β = 0.1 obtained by fitting the photoabsorp-
tion cross section using the prescription of Junghans et al. [79]. 
The two parameters F1 and F2 for the coupling of the GDR to the 
non-collective ph and pp (or hh) configurations, respectively, were 
chosen so that the width of the GDR obtained at T = 0 and J = 0 h¯
is equal to around 6.3 MeV (the experimental ground-state GDR 
width), whereas its value at T = 0.8 MeV and J = 11.5 h¯ matches 
the corresponding experimental data point. The values of these pa-
rameters are kept unchanged throughout the calculations at all T
and J . The GDR energy at J = 0 h¯ is set equal to ground-state 
value of 19.3 MeV, whereas at J = 0 h¯ it is 18.0 MeV comparable 
to the experimental values. As the agreement between theory and 
experiment is fairly good, it could be inferred that, pairing plays 
no role in the present light nucleus, leaving only the effect of an-
gular momentum on the GDR width in it. It should be highlighted 
here, that both CTFM and the PDM could describe the GDR width 
as a function of T and J for medium and heavy mass nuclei and 
present work points towards the universality of these models.
In summary, an exclusive, systematic measurement of the GDR 
parameters has been performed using the light-ion α beam in 
very light-mass nucleus 31P. The angular momentum of the CN 
has been precisely determined by measuring the low-energy γ -ray 
multiplicities. The GDR, nuclear level density parameters and nu-
clear temperatures have been accurately determined from a si-
multaneous statistical model analysis of the measured high-energy 
γ spectra and the neutron spectra. The experimentally extracted 
widths remains roughly constant up to 1.6 MeV temperature and 
gradually increases thereafter. The measured widths could be de-
scribed very well within the CTFM and PDM, thereby asserting 
their universality in describing GDR width as a function of tem-
perature and angular momentum. Moreover, the paring gaps are 
found to vanish in the ranges of T and J considered in this ex-
periment, therefore, have no effect on the measured GDR width 
contrary to that observed in medium and heavy open-shell nuclei.Acknowledgements
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